We perform an analysis of the quark angular momentum in a light-cone representation by taking into account the effect due to the Melosh-Wigner rotation and find that there is a relativistic correction factor connecting the quark orbital angular momentum with the quark model spin distribution:
Introduction
The proton spin problem has received attention for about a decade since the observation of a small value of the integrated spin structure function for the proton in the experiment of polarized deep inelastic scattering (DIS) of leptons on the proton by the European Muon Collaboration [1] . The experimental results suggested a very small quark helicity sum which is far from 1, the value of the quark spin contribution to the proton spin in the quark model. This triggered the proton "spin crisis" or "spin puzzle" which implied the conflict between the experimental results and the quark model, and there have been thousands of papers related to various aspects on this issue [2] . The prevailing viewpoint seems to be that the proton spin structure is in conflict with the quark model.
However, this viewpoint should be changed from a number of investigations [3, 4, 5, 6, 7] on the proton spin structure in the light-cone formalism, which is the most convenient framework to describe deep inelastic scattering (DIS). It has been pointed out [3, 4] that the quark helicity (∆q) observed in polarized DIS is actually the quark spin defined in the light-cone formalism and it is different from the quark spin (∆q QM ) as defined in the quark model. Thus the small quark helicity sum observed in polarized DIS is not necessarily in contradiction with the quark model in which the proton spin is provided by the valence quarks [5, 7] . There have been studies which support the above physical results in different frameworks, such as in a conventional QCD Lagrangian based formalism [8] and in a quark model approach in the rest reference frame [9] .
In this paper we will perform a light-cone analysis of the quark orbital angular momentum along with the developments in Refs. [3, 4, 6] by taking into account the effect due to the Melosh-Wigner rotation [10] which is an important ingredient in the light-cone formalism [11] . The light-cone formalism is suitable to describe the relativistic many-body problem and there have been many successful applications of the light-cone quark model to various physical processes [12] . The effects due to the Melosh-Wigner rotation have been calculated for the nucleon axial charges [3, 4] and magnetic moments [4] , and most recently for the nucleon tensor charges [6] . It will be shown that there is also a Melosh-Wigner rotation factor connecting the quark orbital angular momentum with the quark model spin distribution:
, in analogy to the quark helicity distribution [3, 4] and transversity distribution [6] . The quark orbital angular momentum L q (x) and the quark helicity distribution ∆q(x) are connected to the quark model spin distribution ∆q QM (x) by a relation:
∆q QM (x), which means that one can decompose the quark model spin contribution ∆q QM (x) by a quark helicity term ∆q(x) plus an orbital angular momentum term L q (x). We have also a new relation connecting the quark orbital angular momentum with the measurable quark helicity distribution and transversity distribution: ∆q(x) + L q (x) = δq(x), from which we may have new sum rules connecting the quark orbital angular momentum with the nucleon axial and tensor charges.
The Melosh-Wigner rotation in a light-cone representation
The light-cone formalism provides a convenient framework for the relativistic description of hadrons in terms of quark and gluon degrees of freedom [13] . Light-cone quantization has a number of unique features that make it appealing, most notably, the ground state of the free theory is also a ground state of the full theory, and the Fock expansion constructed on this vacuum state provides a complete relativistic many-particle basis for diagonalizing the full theory [4] . As we have known, it is proper to describe deep inelastic scattering as the sum of incoherent scatterings of the incident lepton on the partons in the infinite momentum frame or in the light-cone formalism. The Melosh-Wigner rotation [10] is one of the most important ingredients of the light-cone formalism, and it relates the light-cone (LC) spin state wavefunctions 
where
, and k + = k 0 +k 3 = xM in which the light-cone invariant mass M of the many-body system is given by
In a weak-binding limit one can approximate this rotation by putting M = M B , but in our case the rotation applies to every individual spin state of a whole relativistic many-body system, therefore the rotation Eq. (1) should not be confused as a single rotation for a single free particle.
We express the instant-form spin state wavefunctions by the 4-dimensional vectors 
Then we can write the light-cone spin space wave function of a bound state in terms of direct products of the above light-cone spin state wavefunctions of the individual quarks, with the many-body system keeps the same spin structure as in the ordinary rest reference frame. In case we calculate a certain matrix element of a physical quantity with known operator, we can study the effect in the spin sector by acting the operator directly on the corresponding light-cone spin state wavefunctions which is one part of the whole light-cone wavefunction for the bound system. Now we reanalyse the quark helicity distribution and transversity distribution in the light-cone representation sketched out above. The quark helicity distribution is defined by the axial current matrix element
We now perform the operator γ + γ 5 directly on the spin space part of the light-cone wavefunction for a bound system and the actions from the spin sector are
is the Melosh-Wigner rotation factor due to the quark intrinsic transverse motions, as derived in Ref. [3, 4] . Thus we have
where ∆q QM is the quark spin distribution in the quark model.
In analogy, we can perform a similar analysis of the quark transversity distribution which is defined by the tensor current
where U(p, s) is the Dirac spinor of a free nucleon with momentum p and polarization vector s. Thus we can calculate the quark transversity distribution from the 1+
The actions of the operator σ 1+ on the spin space part of the light-cone wavefunction are found to be
is the Melosh-Wigner rotation factor found in Ref. [6] . One easily finds that the other additional terms in Eq. (9) vanish upon integration over the azimuth of k ⊥ , thus we have
which was first given in Ref. [6] . It is found that there is a relation [6] :
from which a relation connecting the quark helicity and transversity distributions to the quark model spin distribution was suggested [7] ∆q QM (x) + ∆q(x) = 2δq(x).
This relation was first proposed in Ref. [7] and the consequences from it's application have also been discussed [7, 15] . There has been recently a proof of this relation in a QCD Lagrangian based formalism [8] .
We proved in the above the efficiency to derive the known effects due to the Melosh-Wigner rotation in the quark helicity and transversity distributions [3, 4, 6] in a simple representation with the light-cone spin state wavefunctions Eq.(2). As we have pointed out, we can easily apply a known operator on those spin state wavefunctions directly to study the relativistic effect in the spin sector of the quark model. Now we make an analysis of the quark orbital angular momentum in this light-cone representation. The orbital angular momentum is defined by
and the contribution in the proton spin direction can be calculated from the operator
The actions of the operatorL q on the individual spin space part of the light-cone wavefunction are found to be
is a new Melosh-Wigner rotation factor. The other terms besides
Eq. (15) vanish upon integration over the azimuth of k ⊥ , thus we have the quark orbital angular momentum
which connects the quark orbital angular momentum to the quark model spin distribution by a Melosh-Wigner rotation.
It is interesting to notice that
from which we have a relation
which means that we can decompose the quark model spin distributions
into a quark helicity term 1 2 ∆q(x) plus an orbital angular momentum term L q (x).
Thus from a relativistic viewpoint the orbital angular momentum is non-zero even for an s-wave quark in the quark model. This confirms the statement [3] that the angular momentum contribution from an s-wave quark to the proton spin should be equal to the quark model spin 1 2 ∆q QM , but not the quark helicity ∆q as the "quark spin".
However, the angular momentum contribution from the quark to the proton spin should be the "quark spin" plus the relativistic orbital angular momentum, which is actually the quark model spin 1 2 ∆q QM . From this sense, the quark orbital angular momentum plays an important role in the spin content of the nucleon. In fact, the importance of the quark orbital angular momentum in the nucleon spin structure was originally noticed by Sehgal [16] , and some other relevant aspects are also under discussion [17] .
The above results from the Melosh-Wigner rotation are valid in a quite general framework of the light-cone quark model [4, 12] which is in fact non-perturbative. We point out that the relation Eq.(19) is also valid in different approaches such as in the bag model or if one calculates the matrix elements of the quark helicity and orbital angular momentum distributions in the nucleon rest frame with the ordinary free Dirac spinors. Thus this relation might be considered as a rather model independent relation with general physical implications, similar to the known relation Eq. (12) proposed in Ref. [7] . Even if one takes both Eqs. (12) 
thus we have
which is a new and elegant relation directly connecting the three measurable quantities ∆q(x), δq(x), and L q (x).
At this point it is important to clarify the range of validity of the particular relativistic bound-state model we are using. It is a three-quark valence model, which therefore does not consider higher Fock states, and which can then be considered as a starting point for dynamically generated gluon and sea distributions [18] . But to the extent that gluons generate the binding, it does contain intrinsic gluons [19] . So we expect this model to be valid at least up to a momentum scale Q 2 = Q 2 0 , where Q 0 can be taken as the color inverse neutral target size, approximately 1 GeV 2 . In practice, the light-cone quark model has been successfully applied to processes with higher Q 2 of about a few GeV 2 [12, 20] . Therefore it is reasonable to expect our relations to be approximately valid up to a scale Q 2 0 ≈ 1 − 5 GeV 2 [7] . Thus confirmation of the validity or invalidity of the relation Eq.(21) will be helpful to reveal new content concerning the spin structure of the nucleon.
3 The light-cone SU(6) quark-spectator model
We now discuss the x-dependent quark orbital angular momentum distributions L q (x) for the valence u and d quarks in a light-cone SU(6) quark-spectator model [5] . The unpolarized valence quark distributions u v (x) and d v (x) are given in this model by
where a D (x) (D = S for scalar spectator or V for axial vector spectator) is normalized such that 1 0 dxa D (x) = 3, and it denotes the amplitude for quark q to be scattered while the spectator is in the diquark state D. Exact SU(6) symmetry provides the relation a S (x) = a V (x), which implies the valence flavor symmetry u v (x) = 2d v (x).
This gives the prediction F The quark helicity distributions for the u and d quarks can be written as [5] 
, where m D is the mass of the diquark spectator, and are unequal due to unequal spectator masses, which lead to unequal k ⊥ distributions.
From Eq. (22) one gets
Combining Eqs. (23) and (24) we have
Thus we arrive at simple relations [5] between the polarized and unpolarized quark distributions for the valence u and d quarks. The relations (25) can be considered as the results of the conventional SU(6) quark model, and which explicitly take into account the Melosh-Wigner rotation effect [3, 4] and the flavor asymmetry introduced by the mass difference between the scalar and vector spectators [5] .
The extension of relations Eq. (25) to the quark orbital angular momentum distri-
The x-dependent Melosh-Wigner rotation factors M S q (x) and M V q (x) have been calculated [5] and an asymmetry between M S q (x) and M V q (x) was found. Since Figure 1 : The x-dependent quark spin distributions x∆q QM (x) (solid curves), helicity distributions x∆q(x) (dotted curves), and orbital angular momentum distributions xL q (x) (dashed curves) in the light-cone SU(6) quark-spectator model by using Eqs. (25) (26) , with the Glück-Reya-Vogt parameterization [21] of unpolarized quark distributions as input: (a) for u quarks; (b) for d quarks.
4 New sum rules for the quark orbital angular momentum As we have known, parton sum rules have played important roles in the understanding of the quark-gluon structure of the nucleons. For example, the Gottfried sum rule [22] was proposed initially for the hope to destroy the quark model [23] . However, the confirmation of the roughly validity of the Gottfried sum rule in the early deep inelastic experiments was important for identifying the quantum numbers of partons with those of quarks, thus confirmed the quark model. The recent observation of the Gottfried sum rule violation in the refined measurements [24] revealed the flavor asymmetry between the u and d sea quarks [25] . Thus the validity or invalidity of a parton sum rule is useful in order to reveal possible new physics.
New sum rules for the quark tensor charges have been recently proposed [15] based on the relation Eq.(12) [7] . Based on the fact that the anti-quarks in the nucleon sea are likely to be non-polarized from theoretical considerations [26, 27] and experimental evidence [28] , a Bjorken-like sum rule for the isovector tensor charge is found
where g A /g V might be the value from the neutron β decay or is also a sum rule for the isoscalar tensor charge
where ∆S is the quark axial charge for the strange flavor and c 2 is another unknown correction factor reflecting the deviation from the naive quark model value ∆U QM + ∆D QM = 1. In fact, c 2 can be simply taken as the fraction of the proton spin carried by the u and d quarks in the quark model picture.
From the same consideration, we may apply the relation Eq. (19) and arrive at new sum rules for the quark orbital angular momentum L q = 1 0 dxL q (x). Corresponding to Eq.(27), we have, for the isovector quark orbital angular momentum,
and corresponding to Eq.(28), we have, for the isoscalar quark orbital angular momentum,
We notice that above two sum rules do not require the non-polarized anti-quarks which are required for the validity of the sum rules Eqs. (27) and (28).
From Eqs. (29) and (30), we can predict the quark orbital angular momenta and ∆S has also been extracted from analysis of the polarized DIS data and it might range from about -0.01 [27] to -0.13 [32] . The value of ∆S from those analysis is sensitive to the assumption of SU (3) symmetry. It would be better to measure ∆S from other independent processes and there have been suggestions for this purpose [33, 34] . Nevertheless, we notice that the predicted values of L u and L d are not sensitive to ∆S. The quantities c 1 and c 2 reflect the deviation from the naive quark model and their uncertainties can be estimated from known theoretical considerations.
For example, from the lattice QCD results for the axial charge ∆Σ = 0.18 ± 0.10 [35] and the tensor charge δΣ = 0.562 ± 0.088 [36] , we found ∆q QM = 0.94 ± 0.28 from the relation Eq. (12) and this supports the naive quark picture that the spin of the proton is mostly carried by quarks [7] . Thus c 1 and c 2 should be close to the above value for ∆q QM from a reasonable consideration. Considering that the gluon may also play an important role in the spin structure of the nucleon [37] , we adopt a large uncertainty c 2 = 0.5 → 1 (which corresponds to a gluon spin contribution in the range 50% to 0%) and c 1 = 0.7 → 1 in comparison of c 2 = 0.75 → 1 and c 1 = 0.9 → 1 adopted in [7] . In case g A /g V = 6(Γ p − Γ n ) is adopted, for Γ p (E143) = 0.127 and
and for Γ p (SMC) = 0.136 and Γ n (SMC) = −0.063 at Q 2 = 10 GeV
In case the value g A /g V = 1.2573 from neutron β decay is adopted, for the isovector component Eq. (29), we obtain
Combining the results in Eqs. (31) , (32) and (33) , and taking into account also the uncertainties 0.05 introduced by the data, we obtain
Progress in the precision of the data and in the knowledge of the correction factors can further constrain the results.
In fact, we can use the two sets of sum rules, Eqs. (27) and (28) and Eqs. (29) and (30), as two independent measures of the quantities c 1 and c 2 which might be considered as model quantities with no universal significance. From one set of above sum rules one can measure the quantities c 1 and c 2 , and then use them as inputs to another set of sum rules to make the prediction. However, by use of the relation Eq. (21) we may have a new sum rule which directly connects the quark orbital angular momentum to the quark axial and tensor charges
which is much simple. From the lattice QCD calculations we have the axial charge ∆Σ = 0.18 ± 0.10 [35] and the tensor charge δΣ = 0.562 ± 0.088 [36] , thus the total quark orbital angular momentum from the new sum rule Eq.(35) should be
which implies that 76 ± 26% of the proton spin is due to the quark relativistic orbital motions from the known lattice results for the nucleon axial and tensor charges.
In similar to the relation ∆q QM (x) + ∆q(x) = 2δ(x) discussed in Ref. [7, 15] , the relations will require non-polarized anti-quarks due to the charge conjugation properties of the tensor current. However, as have been pointed out previously [7, 15] , the nonpolarization of anti-quarks has been clearly predicted in a broken-U(3) version of the chiral quark model [26] and in the meson-baryon fluctuation model [27] . There has been an explicit measurement of the helicity distributions for the individual u and d valence and sea quarks by the Spin Muon Collaboration (SMC) [28] . The refined SMC measurement of the helicity distributions for the u and d anti-quarks are consistent with zero in agreement with the above predictions. Therefore the small anti-quark polarization can be considered as a fact supported by both experimental measurement [28] and theoretical considerations [26, 27] . We need to indicate that we have neglected the contributions from anti-quarks, gluons, Q 2 dependence due to higher twist effects, and different evolution behaviors of quark distributions et al. in the above analysis. In principle the corrections due to these sources can be further taken into account from the theoretical and experimental progress and they should be topics for further study.
Summary
In summary, we performed an analysis of the quark angular momentum in a light-cone representation by taking into account the effect due to the Melosh-Wigner rotation and found a similar relativistic correction factor connecting the quark orbital angular momentum to the quark model spin distribution:
The quark orbital angular momentum L q (x) and the quark helicity distribution ∆q(x) are connected to the quark model spin distribution ∆q QM (x) by a relation: 1 2 ∆q(x) + L q (x) = 
